ADDITIONAL INDEX WORDS. Carya illinoinensis, vegetative propagation, adventitious root formation SUMMARY. This study examined the ability to vegetatively propagate 1-year-old pecan (Carya illinoinensis) through the rooting of hardwood cuttings. Cuttings were treated with varying concentrations of different auxins and different combinations of media and ambient temperatures. Under different temperature conditions, all auxin treatments induced the rooting of cuttings but did not promote sprouting. The effectiveness of the induction of adventitious roots was as follows: 1-naphthalene acetic acid (NAA) > indole 3-butyric acid > indole 3-acetic acid. The base of the parent shoot treated by NAA at a concentration of 0.09%, planted in substrate with bottom heat was the most effective, with 82% rooting, 8.3 roots/ cutting and root lengths of 7.3 cm. These findings suggested that auxin and substrate/air temperature differences are both indispensable in the process of adventitious roots formation in pecan. This study revealed that the propagation of hardwood cuttings derived from branches of 1-year-old pecan is possible.
P ecan is a medium to large, deciduous, monoecious tree and most cultivars are propagated on seedling pecan rootstocks by the patch bud in the summer in China. Pecan seeds are expensive ($0.17 to $0.34 each), contributing to the high cost of pecan trees.
One-year-old pecan seedlings with trunk diameters exceeding 0.6 cm are used as the rootstocks. Trees are patch budded %10 to 15 cm above the soil line. The portion of the rootstock above the patch bud site is removed during dormancy to force the patch bud in the spring. The seedling rootstock top normally is discarded when removed to force the patch bud, but it might be used to produce additional rootstocks if successfully rooted.
Successful rooting would make full use of resources that were otherwise discarded. Propagation material could be increased by 2-to 3-fold annually since many of the rootstocks were branched above the patch bud. Pecan has been propagated by tissue culture (Lazarte, 1984; Obeidy, 1993) , leafy stem cuttings (Youssef, 1993) , and mound layering (Wood and Byron, 1989) , but commercially acceptable propagation of juvenile cuttings has not yet been demonstrated. This study was undertaken to investigate the rooting of hardwood cuttings from 1-year-old rootstock treated with varying concentrations of selected auxins and different combinations of media and air temperatures.
Materials and methods
PLANT MATERIALS. Pecan seeds were harvested at maturity in Oct. 2012 and planted in Feb. 2013 in a greenhouse at the Nanjing Green Universe Pecan Science & Technology Co. Ltd., Nanjing, China. Seedlings were transplanted to the field in May 2013 and irrigated every 10 d using furrow irrigation to ensure that the soil had been wetted to the full depth of rooting of the seedlings. Trees were fertilized in July and again in August using a broadcast application of 20 lb/ acre nitrogen (Kingenta Ecological Engineering Group, Jinan, China). 'Pawnee' pecan was patch budded 10 cm above the ground in Aug. 2013 on to 6-month-old seedlings. The rootstocks were pruned %2 cm above the patch bud in Feb. 2014 while the trees were dormant. The pruned rootstock tops were used as hardwood cuttings.
HARDWOOD CUTTING. Hardwood cuttings collected from the basal portion of the pruned rootstock top in Feb. 2014 were trimmed to 12 cm long. Auxin [1-naphthalene acetic acid (NAA), indole 3-butyric acid (IBA), and indole 3-acetic acid (IAA)] powders (Sigma-Aldrich, Shanghai, China) were dissolved in a small amount of ethanol (analytical reagent, content ‡ 99.7), and then diluted to the appropriate concentration using water. Rooting substrate was purchased from Liaoning Province Jade Source Peat Development Co., Qingyuan, China. The rooting substrate contained peat, perlite, coarse sand and silver sand in the ratio 2:4:1:1.
The basal ends (2-3 cm) of each cutting were soaked in distilled water (for the control) or in selected concentrations of hormones at room temperature for 4 h. Solutions were 0.03%, 0.06%, and 0.09% of IAA or IBA, and 0.06%, 0.09%, and 0.12% of NAA. Cuttings were then planted into the root substrate with selected media/ambient temperatures in three climate-controlled plastic greenhouses in Feb. 2014 with light intensity 20,000 to 40,000 lx. The media/ ambient temperatures were as follows: 1) media temperature and the ambient temperatures were both at 13 ± 2°C; 2) electric heating cables were placed at the bottom of rooting substrates for heat, the temperature at the base of cuttings was 25 ± 2°C, and the external air temperature was 13 ± 2°C; and 3) the media and ambient temperatures were both maintained at 25 ± 2°C. Cuttings were irrigated with sprinklers every 5 d to make sure that the relative humidity remained %60%. Soil thermometers (i500-TWS; Zhi Tuo Instrument Co., Hangzhou, China) were inserted into the media to record substrate temperatures every day, and glass stem sealed thermometers (Zhi Tuo Instrument Co.) were placed in ambient conditions to control the temperatures. An additional experiment was set up to examine the effect of parent shoot position on adventitious root formation. Cuttings were taken from different positions of the 1-year-old rootstock (base 15 to 55 cm off the ground, middle 56 to 95 cm off the ground). The upper portion was discarded because it was very thin. Cuttings were treated with 0.06% IBA or 0.09% NAA, respectively, and set in rooting substrate with the temperature at the base of cuttings was 25 ± 2°C and the external air temperature was 13 ± 2°C.
A split-plot experimental design was used with differing media and ambient temperature as the main plot and differing auxin types and auxin concentrations equally randomized as the subplot with three replications containing 20 cuttings, and repeated three times. After 35 d, the cuttings were evaluated for adventitious rhizogenesis: 1) rooting percentage, 2) number of roots per rooted cutting, and 3) average root length. To test significant differences of this experiment, data were subjected to analysis of variance and Duncan's multiple range tests at P < 0.05 using the SPSS Grad Pack 16 computer program (IBM Corp., Armonk, NY).
Results and discussion
When the medium and the ambient temperatures were 13 ± 2°C, adventitious roots did not develop, although cuttings were treated with various auxins (Table 1) . When the medium and ambient temperatures were both 25°C, cuttings developed sprouts rapidly, but did not develop adventitious roots with any auxin type and concentration. However, the rooting percentages of cuttings treated with auxins were greater when the temperature at the base of cuttings was 25 ± 2°C and the ambient temperature was 13 ± 2°C. It has been reported that factors like genetic potential, origin of cutting, type of hormone, age of the mother plant, season of collection, stock plant physiology, and propagation environment play significant role in the successful formation of adventitious roots (Kibbler et al., 2004; Leakey, 2004) . Xi (1995) reported that the suitable soil temperatures for the formation of adventitious roots were 15 to 20°C for grape (Vitis vinifera) and cherry (Prunus cerasum and P. cerasus) which was 3 to 5°C higher than the air temperatures. Cuttings would first develop adventitious roots and then sprouts as a result of the balance between water absorption in roots and water consumption aboveground (Xi, 1995) . However, the response to soil temperature varies among species (Xi, 1995) . The suitable soil temperature for rooting was 20 to 25°C for grape and 15°C for cherry (Xi, 1995) . In our assay, the difference between substrate (25 ± 2°C) and air (13 ± 2°C) temperatures appeared to be critical to the successful formation of adventitious roots in pecan.
The cuttings without any auxins treatment (control) did not develop adventitious roots, although they were planted in root substrate with bottom heat, suggesting that auxins were effective in promoting rooting of hardwood pecan cuttings. The adventitious rhizogenous response varied in the cuttings treated with varying concentrations of different auxins. There were significant differences (P < 0.05) among the three auxin treatments (NAA > IBA > IAA). The rooting percentage was strongly determined by the type of auxin (Table 1) . Among treatments, cuttings dipped in 0.09% NAA solution showed the greatest rooting percentage (82%) and a relatively high rooting percentage (80%) was found in cuttings with 0.06% IBA (Table 1) . NAA at 0.09% was also found to enhance the number of roots and root length ( Fig. 1; Table 1 ). The rooting percentage, number of roots and length of roots per cutting all increased rapidly at lower concentrations of NAA and NAA up to a maximum of 0.09%. However, with increased hormone concentrations (0.12%), these values decreased ( Fig. 1 ; Table 1 ). Similar rooting responses were observed with IAA and IBA hormonal treatments (Table 1) . These results suggested that exogenously applied hormones play an important role in adventitious rhizogenesis in pecan. As a result, the best concentration for rapid rhizogenesis was considered to be 0.09% of NAA. The rooted hardwood cuttings were successfully transplanted to the experimental field after 45 d of hormonal treatment.
Synthetic auxins have a strong promotional role in stimulating adventitious rooting of hardwood cuttings of tree species (Kesari et al., 2009; Stefancic et al., 2005; Tchoundjeu et al., 2004; Wang et al., 2005) . It has been reported that auxins play an important role in forming the adventitious roots in wood, and exogenous and endogenous levels of auxins affect the divisions of the first root (Kochhar et al., 2005; Ludwig-M€ uller, 2000) . Auxin application have been found to enhance the rate of adventitious root development and increase the number of roots initiated per rooted cutting in a variety of species (Exadaktylou et al., 2009; Kesari et al., 2009; Palanisamy et al., 1998) .
The optimal auxin type and concentration for rooting of hardwood cuttings varies among species (Exadaktylou et al., 2009; Pirlak, 2000; Rosier et al., 2004; Tsipouridis et al., 2005) . Synthetic IBA had a strong promotional effect on the rooting of cuttings of the 'Gisela 5' cherry rootstock (P. cerasus · Prunus canescens) (Stefancic et al., 2005; Wang et al., 2005) and the best concentration of IBA was shown to be 1000 mgÁL -1 (Exadaktylou et al., 2009 ). Kesari et al. (2009) reported that IAA, IBA and NAA treatments enhanced the rooting of cuttings of millettia pinnate (Pongamia pinnata), and the best concentration for rapid rhizogenesis was 4.92 mM of IBA. The rooting percentage, number of roots and length of roots per cuttings was highest at 0.09% of NAA in pecan. However, these results decreased with an increase in any hormone concentration levels. It is important to note that in this study the dosage of hormone was a key factor in the induction of rooting. Similar results have also been found for hardwood cuttings of millettia pinnate (Kesari et al., 2009) , 'Gisela 5' cherry rootstocks (Exadaktylou et al., 2009) , and yohimbe [Pausinystalia johimbe (Tchoundjeu et al., 2004)] .
In this article, we selected the base and middle portions of the shoots from 1-year-old pecan rootstock trees, while the upper portion was discarded. The results showed that cuttings collected from the base of the parent shoots had better rooting than the middle, regardless of whether treated with 0.06% IBA or 0.09% NAA ( Table 2) . Juvenility of cuttings plays a key role in rooting and the position of the cuttings on the parent shoots affects the rooting of hardwood cuttings (Hartmann et al., 2002; Smith and Chiu, 1980) . Keeley et al. (2004) reported that hardwood cuttings taken from more basal or middle cane segments of the 'Norton' grapevine rootstock (Vitis aestivalis) rooted better than cuttings from the apical region (Keeley et al., 2004) . Hardwood cuttings of american sycamore (Platanus occidentalis) obtained from the base shoot showed the best rooting (Abdullah et al., 1988) . Exadaktylou et al. (2009) reported that the highest rooting percentage was found on cuttings taken from the base or the upper region of shoots on 15 Nov. or 2 Mar. and cuttings taken on 1 Dec. from the middle of the shoots (Exadaktylou et al., 2009 ).
Conclusions
Rapid rhizogenesis occurred when cuttings were treated with 0.09% NAA with substrate temperatures of 25 ± 2°C and air temperatures of 13 ± 2°C. The results of this study showed that adventitious w Media temperature and the ambient temperatures were both 13 ± 2°C. v Electric heating cables were placed at the bottom of rooting substrates for heat, and the temperature at the base of cuttings was 25 ± 2°C and the external air temperature was 13 ± 2°C. u The media and ambient temperatures were both maintained at 25 ± 2°C. t Values in the same column followed by the same letter are not significantly different via Duncan's multiple range tests at P < 0.05.
rhizogenesis of hardwood cuttings of pecan in response to the exogenous application of growth hormones and different substrates and air temperatures provides a new method that improves vegetative propagation, and pecan has the value of using the waste material from budding to increase plant numbers by using the cuttings that are normally discarded. This report offers a feasible and less demanding method for the vegetative propagation of pecan, and its commercialization in areas that are suitable for its growth. Values in the same column followed by the same letter are not significantly different via Duncan's multiple range tests at P < 0.05.
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